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Abstract

A series of XTa:(1 � X)C (0.5 < X < 1) compositions have been fabricated by hot isostatic pressing (HIP) of Ta and TaC powder
blends. Depending upon the targeted stoichiometry, single- or multiple-phase microstructures formed. The single-phase microstructures
of both TaC and Ta2C had equiaxed grain morphologies. The multiphase microstructures had either equiaxed TaC grains with a criss-
cross pattern of Ta4C3 laths or acicular grain morphologies with rafts of TaC, Ta4C3 and Ta2C laths running parallel to the major axis of
the grains. The effect of phase transformations on the microstructure of these specimens is discussed and compared to those microstruc-
tures seen in a reaction diffusion couple formed between Ta and TaC powders processed under the same HIP conditions. This couple
revealed the depletion of carbon from the TaC phase and its reaction with the tantalum metal to form the various Ta-rich carbide phases.
The precipitation sequence was found to be paramount in controlling the grain morphology. A close-packed plane and direction orien-
tation relationship was seen between all the phases. The crisscross pattern of Ta4C3 precipitation in TaC was a consequence of TaC’s
multiple variant {111} orientations and had little or no effect on the grain morphology. In contrast, the single variant close-packed plane
{0001} in Ta2C resulted in the parallel alignment of the precipitated phases within its grain and an anisotropic growth direction that
facilitated the acicular grain morphology.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Ceramics; Carbides; Transmission electron microscopy (TEM); Electron backscattering diffraction (EBSD); Precipitation

1. Introduction

Tantalum carbide (TaC) has high hardness and a melt-
ing temperature of �4250 K, which is one of the highest
melting points known [1]. Consequently, tantalum carbide
has been proposed for use in ultrahigh-temperature load-
bearing applications [2–4], such as thermal barrier coat-
ings, machine tools and wear-resistant brake liners. The
phase diagram for the tantalum–carbon system [5] is shown
in Fig. 1a with corresponding crystal structures shown in
Fig. 1b. The ultrahigh melting temperature of TaC and
the ability to precipitate similar high-melting-temperature
phases offers the potential to engineer its microstructures

to meet specific thermal–mechanical property combina-
tions [6].

The TaC phase is a B1 compound (NaCl-based or rock-
salt structure), with carbon atoms occupying the octahe-
dral interstitial sites in a tantalum face-centered cubic
(fcc) lattice [2,7]. The carbon-deficient Ta2C phase has a
melting temperature of �3600 K [8,9] and consists of hex-
agonal metal layers separated by either an a-ordered or b-
disordered carbon sublattice. The allotropic phase trans-
formation temperature between a-Ta2C (CdI2 antitype
structure) and b (L’3 structure) is �2300 K [1,7]. In addi-
tion, a f-Ta4C3 phase, which is rhombohedral with the
space group R3m, can form at �2775 K [10,11]. The
Ta6C5 ordered cubic phase (Fig. 1a) represents an ordering
of the vacancies on the carbon sublattice, and is thought to
form during slow continuous cooling after annealing at
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elevated temperature [10]. Based on the thermal history of
this work, the phase fields designated Ta6C5 are considered
to be TaC.

One of the significant challenges of developing tantalum
carbide alloys and other similar refractory compounds is
their high melting points, which limits easy manufacturing
to full density and near net shape. Additionally, the carbide
systems can decarburize in a vacuum or inert gas atmo-
spheres, which provides a challenge in controlling stoichi-
ometry. This decomposition by incongruent vaporization
is seen in the top-down solidification approaches, such as
vacuum plasma spray and arc melting [12]. In hot isostatic
pressing (HIP), the constituent powders themselves can still
volatilize; however, this is minimized within the confines of
the HIP can, thus providing process control of the Ta/C
molar ratios. Thus a well-blended mixture of powders
can reduce or eliminate significant compositional gradients
in the final product. Finally, significant plastic flow occurs
in the HIP billet, because of the high temperatures and
pressures, and this yields near-theoretical densities [13].
In this paper, we report how HIP processing of tantalum
carbides with varying compositions affects the precipitation
of the different carbide phases and how this affects the
resulting microstructure. Previous work has shown critical
links between the strength and toughness in tantalum car-
bides to the volume fraction of phases formed with their

corresponding microstructures [6,14]. By understanding
the sequence of precipitation, the overall microstructures
can ultimately be engineered. To date, there has been little
work elucidating how these microstructures develop.

2. Experimental procedures

Two sets of specimens were prepared in order to study
the precipitation and formation pathways of tantalum
carbides. A set of six HIPed specimens of various Ta/C
ratios, XTa:(1 � X)C, where X = 51, 56, 58, 60, 64 and
68 at.%, were prepared by mixing powders of Ta and
TaC to nominal compositions, as shown in the phase dia-
gram of Fig. 1a and tabulated in Tables 1 and 2. In addi-
tion, a reaction diffusion couple specimen was formed by
packing TaC powder onto Ta powder and HIPing under
the same conditions as the blended specimens. The com-
positions produced in the couple included those of the
individual specimens and was used to help explain the
microstructures that formed from the single composition
mixtures. The powders were purchased from Cerac, Inc.,
and their starting size distribution (Fig. 2) was measured
from scanning electron microscopy images in conjunction
with the Nikon Elements� imaging analysis software
package. The grains sizes were measured using the diam-
eters equivalent area circles, and typically encompassed
50–100 grains per specimen. The powders were placed
into tantalum HIP cans using an inert-gas glove box
and the tantalum cans were then evacuated and welded
closed for subsequent HIPing at 200 MPa in an argon
atmosphere at 1873 K for 100 min.

Fig. 1. (a) Ta–C binary phase diagram [9], with the region of the Ta/C
content investigated highlighted. Numbers in parentheses identify com-
positions under investigation and correspond to the samples in Tables 1
and 2. For this work, the Ta6C5 regions are considered to be TaC. (b) The
three phases of tantalum carbide: hexagonal a-Ta2C, rhombohedral f-
Ta4C3 and cubic c-TaC.

Table 1
The far left column contained the targeted atomic weight compositions.
Grain size analysis data for the XTa:(1 � X)C specimens.

Samples/grain size Mean diameter (lm) Mean long axis (lm)

(l) 51Ta:49C 2.2 ± 0.7 2.8 ± 0.9
(2) 56Ta:44C 5.2 ± 2.0 7.0 ± 4.0
(3) 53Ta:42C 8.9 ± 3.6 11.9 ± 4.0
(4) 60Ta:40C 9.6 ± 5.0 18.0 ± 11.1
(5) 64Ta:36C 6.1 ± 4.0 11.0 ± 7.7
(6) 68Ta:32C 23.0 ± 8.8 29.0 ± 10.8

Table 2
The far left column contains the targeted atomic weight compositions, the
XRD is the estimated volume fraction of the phases determined by the
integrated intensity ratio of the peaks from Fig. 3f, and the lever rule is the
compositions based on the XRD volume fraction estimations.

Samples/phase XRD Lever rule

TaC Ta4C3 Ta2C Ta C

(1) 51Ta:49C 100 0 0 51 49
(2) 56Ta:44C 100 0 0 56 44
(3) 58Ta:42C 96 4 0 58 42
(4) 6QTa40C 49 33 17 61 39
(5) 64Ta36C 7 36 57 65 35
(6) 63Ta32C 0 0 100 68 32
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The six XTa:(1 � X)C post-HIP specimens were
removed from their tantalum cans and cut into transverse
and longitudinal pieces. These pieces were mounted in
cross-section, mechanically ground and polished with a fin-
ishing step of 3 micron diamond abrasive paste. These were
then placed in a Vibromet� and polished for 24 h in aque-
ous 0.05 micron silica slurry.

The microstructures were imaged using either secondary
electron or ion contrast imaging in an FEI Quanta 3D dual
focus ion beam (FIB) scanning electron microscope (SEM)
operated at 30 keV. Electron backscatter diffraction pat-
terns, used for phase identification, were collected using
the EDAX-TSL platform with a Hikari camera attached
to the FEI Quanta 3D microscope. The specimens were
tilted 70� towards the detector and scanned at 100 frames
per second at an electron beam setting of 30 keV and
5.0 nA.

X-ray diffraction was used for phase identification and
volume fraction determination using a Bruker Discovery
D8 General Area Diffraction Detector System with Cu
Ka radiation at 45 keV and 40 mA at the source. The
TaC, Ta2C and f-Ta4C3 phases were identified using data
from Wyckoff [15], Lissner and Schleid [8] and Gusev
et al. [10], respectively. The phase content of the specimens
are tabulated in Table 2. They were estimated using the
integrated intensity of the theoretically most intense peak
for each phase and applying the direct comparison method
[16]. The specific peaks used for this analysis were the
{11 1} TaC [15], f1 0 �1 7g Ta4C3 [8] and f1 0 �1 �1g Ta2C
reflections [10]. The volume fractions of each phase deter-
mined by X-ray diffraction (XRD) were coupled with the

phase diagram using the lever rule and were in good agree-
ment with the intended overall composition of each
specimen.

For the diffusion couple analysis, energy-dispersive spec-
troscopy (EDS) was used to determine the approximate Ta
and C composition across the reaction interface. The EDS
data were collected on an EDAX Apollo XV silicon drift
detector at an electron beam setting of 10 keV and
3.3 nA. A 51Ta:49C (TaC) specimen was used as the cali-
bration standard. By reducing the accelerating voltage,
the interaction volume for X-ray emission is condensed
and potential absorption of C X-rays by Ta was reduced.
Good agreement between the EDS measurement and the
standard was found at the 10 keV setting.

Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) was performed
using an FEI F20 Tecnai microscope operated at
200 keV. Correlated bright- and dark-field imaging and
selected area electron diffraction (SAED) were used for
phase and microstructure characterization. Complimentary
atomic, or Z-, contrast imaging, using a high-angle annular
dark field (HAADF) detector, was done in a STEM mode.
The HAADF collects scattered electrons that are relatively
insensitive to crystallographically dependent (Bragg) scat-
tering; therefore, the contrast observed is chemically depen-
dent, with higher atomic number elements being brighter
[17]. TEM specimens were prepared using both the tradi-
tional (dimpling and ion milling) method and the FIB mill-
ing techniques [18,19]. The FIB milling was conducted on a
FEI Quanta 3D dual beam FIB and allowed for site-spe-
cific TEM foil extraction.

Fig. 2. Grain size data and SEM images from the initial Ta and TaC powders used in the fabrication of the XTa:(1 � X)C specimens. (a) Distribution
histogram of the grain sizes of the Ta powder. (b) SEM image of the Ta powder showing the agglomerated nature of the Ta powders. (c) SEM image of a
higher magnification image of the nodular morphology of the Ta powder. (d) Distribution histogram of the grain sizes of the TaC powder. (e) SEM image
of the TaC powder. (f) SEM image of two separated TaC powders showing the nodal nature of the powder.
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3. Results

3.1. Characterization of the initial powders

The Ta powders exhibited a large variation in particle
size, as shown in the distribution histogram in Fig. 2a.
The powders were composed of agglomerated Ta particu-
lates (Fig. 2b), and had an average agglomerate size of
48 ± 25 lm and a log normal distribution. Fig. 2c shows
the nodular morphology of the Ta powders. The TaC pow-
der size was considerably smaller, with an average agglom-
erate size of 2.7 ± 0.7 lm and a normal size distribution
(Fig. 2d). Though the nodular morphologies of the TaC
and Ta powders were similar (Fig. 2c and f), the TaC pow-
ders were qualitatively less agglomerated than the Ta pow-
ders (Fig. 2b and f).

3.2. SEM, EDS and XRD characterization of the XTa:(1

� X)C compositions

The six XTa:(1 � X)C specimens were processed to span
the range from single-phase TaC to single-phase Ta2C,
with their multiphase microstructures in between. The
desired compositions (nominal), determined by the starting
TaC/Ta ratios, were in close agreement to the post-pro-
cessed HIP compositions determined by the XRD volume
fraction-lever rule as well as the EDS analysis. This con-
firms that minimal carbon loss occurred during the canned
HIP processing. Grain size analysis was performed on the
SEM micrographs and the results are shown in Table 1.

Along with mean grain size, the average maximum Feret
size was also measured. The maximum Feret diameter rep-
resents the longest dimension of the grain [20] and is used
to quantify acicular grain morphologies.

The 51Ta:49C and 56Ta:44C specimens were found to
be single-phase TaC, as shown by the XRD phase identifi-
cation in Fig. 3a. Both compositions had an equiaxed grain
microstructure (Fig. 3b; only the 56Ta:44C specimen is
shown). These two single-phase compositions confirmed
the wide-ranging non-stoichiometry in the TaC phase, as
indicated by the phase diagram of Fig. 1a. No Ta6C5 phase
was found; its absence is attributed to its slow kinetics [10].
As noted previously, the Ta6C5 phase region was consid-
ered to be TaC.

While the XRD for both 51Ta:49C and 56Ta:44C spec-
imens indicates single-phase TaC, a clear XRD peak shift
occurred between the specimens (Fig. 3a). This XRD shift
is in the direction of a smaller d-spacing, which would cor-
respond to a sub-stoichiometric TaC (carbon deficient)
specimen with a smaller lattice parameter. The 51Ta:49C
specimen was found to have a statistically similar grain size
(2.2 ± 0.7 lm; Table 1) to that of the starting TaC powder
(2.7 ± 0.7 lm; Fig. 2d), suggesting that there was minimal
grain coarsening post-sintering during the HIP process.
The mean sizes are within a standard error of each other.

The 58Ta:42C specimen had a composition which lies
within the two-phase field of TaC and Ta4C3 (Fig. 1).
XRD of the 58Ta:42C specimen showed that the majority
phase was TaC, with minor intensity reflections for Ta4C3.
The phase content for this specimen, as determined by

Fig. 3. (a) XRD data of the XTa:(1 � X)C specimens showing the different phases present depending on composition. Note the variation in TaC peak
angle between the 51Ta:49C and 56Ta:44C specimen which indicated a change in carbon content. (b) Ion contrast image using the FIB of the 56Ta:44C
specimen showing an equiaxed single-phase TaC microstructure. (c) 58Ta:42C specimen showing precipitated secondary phase laths in multiple directions
encased within an equiaxed TaC grain microstructure. (d) 60Ta:40C specimen showing an acicular microstructure with large amounts of secondary phase
laths. (e) 64Ta:36C specimen showing an acicular microstructure. (f) 68Ta:32C specimen showing an equiaxed single-phase Ta2C grain microstructure.
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XRD, was �96 vol.% TaC and 4 vol.% Ta4C3. The speci-
men had an equiaxed grain shape similar to that of the
51Ta:49C and 56Ta:44C specimens, but the SEM micro-
graph in Fig. 3c clearly revealed multidirectional or criss-
cross patterns of Ta4C3 phase laths. Previous work has
revealed that the Ta4C3 precipitates on the TaC’s {111}
family of close-packed planes [20,21]. Additionally, the
grain size increased to 8.9 ± 3.6 lm, indicating an increas-
ing grain size with increasing Ta powder additions in the
blend.

The 60Ta:40C specimen exhibited grains that were no
longer equiaxed but were acicular in grain morphology
(Fig. 3d). The XRD spectra (Fig. 3a) confirmed the
increase in Ta4C3 and Ta2C phase content, with the volume
fractions of these phases being 49 vol.% TaC, 34 vol.%
Ta4C3 and 17 vol.% Ta2C. Unlike the 58Ta:42C specimen,
where the laths were crisscrossed in the grain, in this spec-
imen, rafts of parallel laths formed along the major axis of
the acicular grain. This increase in lath density and acicular
grain morphology has a marked influence on the strength
and toughness behavior in tantalum carbides, as previously

reported [14]. The mean grain size diameter was found to
be 9.6 ± 5.0 lm and, notably, the maximum Feret length
was found to be over twice the grain size, with a mean
value of 18.0 ± 11.1 lm.

With further depletion in the carbon content, the XRD
spectra for the 64Ta:36C specimen showed a continual
decrease in the TaC phase content and increased amounts
of the Ta4C3 and Ta2C phases. The phase amounts were
determined to be 7 vol.% TaC, 36 vol.% Ta4C3 and 57
vol.% Ta2C. As with the 60Ta:40C specimen, the
64Ta:36C specimen exhibited an acicular grain structure
(Fig. 3e), with a maximum Feret length of 11.0 ± 7.7 lm.

The 68Ta:32C composition specimen places it in the sin-
gle-phase field of Ta2C according to the phase diagram
(Fig. 1a). The XRD spectra (Fig. 3a) confirmed that this
was the only phase present. Similar to the single-phase
TaC, this specimen exhibited an equiaxed grain microstruc-
ture (Fig. 3f). A comparison of the single-phase TaC and
Ta2C mean grain diameters, 2.2 ± 0.7 vs. 23 ± 8.8 lm,
listed in Table 1, shows a large difference in the grain sizes.
As noted previously, the grain sizes for each of the

Fig. 4. (a) SEM image of the diffusion couple showing the single-phase TaC region, labeled as [I], through the reaction interface, and finally to the mixture
of Ta2C and Ta grains labeled as [VI]. The equiaxed Ta grains location, labeled region [VII], is not shown, but an arrow points in the direction of its
location in the specimen. (b) Higher magnification image of the region of the reaction interface in (a), dotted box, showing the different microstructures
along the interface labeled [II]–[V]. (c) SEM image of the diffusion couple showing approximate position for the EDS and XRD line scan data collection
spots. (d) EDS line profile showing the different compositions through the different phases of the diffusion couple. (e) XRD data for the line scan showing
the variation in peak intensity for each phase in the diffusion couple. Interestingly, there were no reflections corresponding to the Ta4C3 phase, as indicated
by the diamond-shaped markers (�), but the phase was evident using electron scattering techniques on the same specimen.
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specimens, listed in Table 2, shows a general increasing
trend of grain size with increasing Ta metal content in
the initial powder compacts.

3.3. Ta–TaC reaction couple experiment

A reaction couple was fabricated using TaC powder
placed adjacent to Ta powder and then processed using
the same HIP procedure given above. This resembles the
actual HIP process mechanisms that would occur in the
single composition specimens fabricated. Using stacked
powders and not dense solids allows for bulk diffusion, as
well as allowing some surface diffusion over the compacted
powders to occur. The clear compositional gradient
produced allows the effect of the tantalum–carbon interac-
tion to be highlighted. Seven specific and different micro-
structural regions that correspond to different carbon

compositions in the couple are shown in Fig. 4a and b.
Starting on the TaC side of the couple and progressing
towards the metallic Ta side, these regions are as follows:

[I] Equiaxed single-phase TaC
[II] Equiaxed TaC grains with lath structures (both sin-

gle and multiple variants)
[III] Small equiaxed Ta2C grains
[IV] Acicular Ta2C grains with aligned stacking faults or

laths
[V] Large equiaxed single-phase Ta2C

[VI] A mixture of equiaxed Ta2C and Ta grains
[VII] Equiaxed Ta grains

EDS and XRD lines scans were performed on the couple
to characterize the different regions. The EDS line scan,
shown by the dark arrow in Fig. 4c, shows the relative

Fig. 5. (a and b) STEM-HAADF images of the reaction interface which showed the secondary phase laths that form within the grains. Both foils were
prepared by FIB-based milling extraction [17] at the interface of the diffusion couple. (c) SAED of TaC grain with Ta4C3 laths within region [II]. (d) SAED
of region [C] indexed as Ta2C from zone axis h01�11i. (e) SAED of region [III] indexed as Ta2C from zone axis h11�23i. (f) SAED of region [IV] of a
Ta2C grain with the precipitation of Ta4C3 from the Ta2C zone axis h11�20i. The inset image is a magnified image of the separation in the spots
consistent with the Ta2C and Ta4C3 phase identification. The streaking is a result of either rel-rod effects and/or faulting because of the fine, parallel
layering of these phases with respect to each other seen in region [IV] in (a) and (b). (g) SAED of region [IV] of a Ta2C grain with the precipitation of
Ta4C3 from another Ta2C zone axis prospective, h10�10i.
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microstructural location with respect to how carbon con-
tent fluctuated across the couple (Fig. 4d). The EDS line
profile showed a steady decrease in the carbon content,
starting from approximately 50Ta:50C (TaC) and decreas-
ing to 56Ta:44C (sub-stoichiometric TaC). At the
56Ta:44C composition, a significant slope change occurred
until a steady-state composition of 66Ta:33C (Ta2C) was
reached. According to the phase diagram (Fig. 1a), this
region is where TaC/Ta4C3 and Ta4C3/Ta2C should form.
Further profiling resulted in an oscillatory carbon signal
that varied between 66Ta:33C and 90Ta:10C, which corre-
sponded to grains of either Ta2C or Ta respectively. Since
the electron generated X-ray emission interaction volume is
larger than the single Ta phase features or grains, and Ta
has little solubility for carbon at 1870 K (Fig. 1a), the
detected carbon for the 90Ta:10C is considered to be from
surrounding grains.

The XRD line scan (Fig. 4e) was performed over
�400 lm at a spot spacing of 80 lm per step to determine
the phase content across the couple. The approximate
XRD positions are marked in Fig. 4c. The XRD spectra
confirmed TaC, Ta2C and Ta were present. This suggests
that either the Ta4C3 phase was not present or it was below
the detection limit at each probe location. The XRD spot
probe was larger than the grains at the interface. Hence this
method was not able to clearly separate specific phases and
identify them to their specific spatial locations, but clear
trends in the relative rise and fall in phase peak intensities
is evident in Fig. 4e. Regardless, the XRD and EDS line
profile positions showed relatively good agreement between
composition and phase content. To remedy the issue of
phase position to specific grain location, TEM (Fig. 5)
and EBSD (Fig. 6) phase mapping were conducted.

The microstructure in region [II] of Fig. 4b revealed
mostly equiaxed grains. This reaction zone on the TaC side
of the couple [II] was approximately 35 lm in width. These
grains contained crisscrossed patterns of laths. TEM
SAED analysis revealed that these laths were the Ta4C3

phase (Fig. 5a–c).

The microstructure in the diffusion couple interface
(region [III] in Figs. 4b and 5a) contained very small equa-
ixed grains of the Ta2C phase, as identified by TEM SAED
(Fig. 5d and e). Adjacent to the small equiaxed Ta2C grains
in region [III] is a much larger acicular primary Ta2C grain
structure, in region [IV] (Fig. 5a). These acicular Ta2C
grains contained thin laths, clearly shown by the thin con-
trast bands in Fig. 5a and b. The grain structure of region
[IV], like region [III], was only a few grains thick. TEM
SAED analysis in Fig. 5f and g revealed that these very thin
laths were Ta4C3 encased in Ta2C acicular grains. The
streaking in the diffraction pattern is a result of either
rel-rod effects and/or faulting.

Upon approaching the Ta side of the diffusion couple
(region [V] in Figs. 4b and 6a), the acicular shape of the
Ta2C grains changed into an equiaxed shape, with no pre-
cipitation or faulting. Moving further toward the Ta side of
the couple, denoted as region [VI] (Fig. 4a), the equiaxed
Ta2C grains become intermixed with the metallic Ta phase
(Fig. 6). Fig. 6 shows three distinct morphological regions
in region [VI] from left to right. Fig. 6a, closest to region
[V] in Fig. 4a, contains a majority of larger Ta2C grains
with smaller metallic Ta grains. Fig. 6b shows a mixture
of equivalent sized Ta2C and Ta grains. Fig. 6c, closest
to region [VII] in Fig. 4a, shows a majority of smaller
Ta2C grains nucleating at the grain boundaries of the larger
Ta grains. Fig. 6d–f shows the EBSD phase identification
for these different sub-regions.

The average equivalent grain diameters for the different
phases in these three sub-regions are tabulated in Table 3.

Fig. 6. EBSD image quality maps with corresponding phase maps from regions [VI]. (a and d) Ta2C rich-side showing Ta2C larger grains with small Ta grains.
(b and e) Mixture of equisized Ta2C and Ta grains. (c and f) Ta rich-side showing larger Ta grains with Ta2C grains forming at the grain boundaries.

Table 3
Grain size data for Fig. 6. Data shows similar grain sizes of each of the
major phase, i.e. Ta2C grain sizes in the Ta2C rich-side and Ta grain sizes
in Ta rich-side, along with similar grain sizes for the Ta and Ta2C grains
within the middle region in Fig. 7b and e.

Diameter (lm) (1) Ta2C side (2) Middle (3) Ta side

Ta 9 ± 4.1 1l ± 3.5 17 ± 6.9
Ta2C 15 ± 5.5 10 ± 4.7 6 ± 2.0
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The changes in grain size of each of the Ta2C and Ta
phases are similar, i.e. the major phase size is �16 lm while
the minor phase size is �7 lm. At the end of the couple
(region [VII] in Fig. 4a) were equiaxed metallic Ta grains.

4. Discussion

From the results presented above, small changes in car-
bon content in tantalum carbides can result in significant
changes in grain morphology. For example, the 58Ta:42C
has equiaxed TaC grains with Ta4C3 secondary phases pre-
cipitated on the four variants of the {111} planes, while
60Ta:40C has acicular grains formed with Ta4C3 secondary
phases that precipitated parallel to each other and aligned
along the major axis of the grain. Complicating these issues
is that these phases formed through a reaction of constitu-
ent powders.

In general, the specimens which are predominantly equi-
axed TaC-phase materials (51Ta:49C, 56Ta:44C, and
58Ta:42C) had smaller grain sizes, between 2 and 9 lm,
compared to either the major axis length of the acicular
grains (60Ta:40C and 64Ta:36C), 11-18 lm, or the equi-
axed Ta2C materials (68Ta:32C), 23 lm. For single-phase
TaC, this can be easily understood by considering the start-
ing powder diameters. The TaC starting powders had a
mean size of 2.7 ± 0.7 lm. The mean grain size of the
51Ta:49C sample was 2.2 ± 0.7 lm, suggesting that the
powders only sintered together. While the 51Ta:49C sam-
ple’s grains appear smaller, they are not statistically signif-
icantly smaller than the powders, and are within a standard
error of each other. In addition, the powders in Fig. 2b–e
have a nodular morphology, which may get compacted
into a smaller volume during HIPing. The other two equi-
axed TaC specimens, 56Ta:44C (sub-stoichiometric TaC)
and 58Ta:42C (sub-stoichiometric TaC with some multi-
variant precipitation of Ta4C3), had an increase in the
TaC grain size, from 5.2 to 8.9 lm, respectively. This
increase is attributed to both thermodynamic curvature
growth [12] and the fact that the fine TaC powders were
mixed with much larger Ta powders and then reacted.

For the specimens with predominately equiaxed grains,
an increase in the proportion of Ta is correlated with an
increased grain size. The specimen with the most Ta,
68Ta:32C, Fig. 3f, had the largest average grain size of
23 lm, similar to the initial Ta powder sizes (Fig. 2a). This
trend is also observed in the reaction couple experiment
with the exception of the interface region [III] of Fig. 5a
and b, where the precipitation of very fine equiaxed Ta2C
grain structures occurred. In addition, as the amount of
Ta powder increased, a larger standard deviation in grain
size occurred (Table 1). While this can be attributed to
the variation in Ta powder size for the 68Ta:32C, the inter-
mediate specimens (48Ta:42C, 60Ta:40C and 64Ta:36C)
formed from reactions of very differently sized starting
powders. Thus, this powder size discrepancy, coupled with
the how well these powders are blended, could account for
the resulting larger range of final grain sizes seen in these

compositions. In general, there appears to be a trend of
the final grain size of the processed specimens tracking with
the starting constituent powder sizes.

For each composition, the phases presented in the bin-
ary phase diagram (Fig. 1a) formed during the HIP pro-
cess. The Ta6C5 phase was not expected because of the
rapid cooling in the heat treatment [10]. It is clear that
some of these specimens were not yet at equilibrium condi-
tions because all three phases (TaC, Ta4C3 and Ta2C) were
still present in two-phase fields (Fig. 1a). For example,
specimen 64Ta:36C, which lies in the two-phase region of
Ta2C and Ta4C3 according to the phase diagram, still con-
tained about 7 vol.% TaC, according to XRD analysis.
Additionally, in all the specimens where Ta4C3 formed, it
only precipitated out as very fine laths or rafts of laths
which never seemed to agglomerate or coarsen (see Figs. 3
and 5).

In the single-phase TaC (51Ta:49C and 56Ta:44C) and
Ta2C (68Ta:32C) alloys, the microstructures were equi-
axed. This would be expected since no other phases are
present; hence, no interfacial energy contributions were
available to drive a particular morphology. Rather, the sys-
tem forms grains that maximize volume while minimizing
surface area. For the specimens that have multiple phases,
two distinct morphologies are present: (i) equiaxed grains
that encase secondary phases in multiple directions and
(ii) acicular grains which have secondary phases parallel
to the major axis of the grain.

Equiaxed grains that encase a multidirectional second-
ary phase (case (i)) are observed in 58Ta:42C and in region
[II] of the reaction couple for Figs. 4 and 5. The matrix
phase is sub-stoichiometric TaC and the secondary phase
is Ta4C3. The lath-like structure is attributed to the shear-
ing mechanism, proposed by Rowcliffe [21], on the {111}
planes of TaC. Rowcliffe [21] reported that both the
Ta2C and Ta4C3 phases precipitate out of the TaC matrix
through a stacking fault mechanism with orientation rela-
tionships of {111}TaC//{0 001}Ta4C3//{0 001}Ta2C;
h1 10iTaC//h1 0 �1 0iTa4C3//h1 0 �1 0iTa2C. This was confirmed
by the SAED pattern in Fig. 5c) from region [II] in the
reaction couple. Each of these phases has a parallel close-
packed plane and close-packed direction orientation rela-
tionship with TaC. B1 TaC is a rock-salt structure which
has fcc symmetry. If a Shockley partial dislocation of 1/6
h2 11i passed on every other {111} fcc plane, the fcc sym-
metry would convert to the hexagonal close-packed (hcp)
structure [21]. To achieve the correct chemistry, every
fourth TaC {111} carbon plane needs to be depleted to
form Ta4C3 and every other TaC {111} carbon plane
needs to be depleted to form Ta2C. The removal of these
carbon atoms from these particular {111} planes would
generate the required local stacking fault, similar to a
Frank loop [22], that would yield the necessary crystal
structure. The sequential loss of these carbon atoms drives
the chemistry and symmetry changes that form the lath-like
structures on these planes. Since TaC has four variants in
the {11 1} family, this would explain the Ta4C3

146 R.A. Morris et al. / Acta Materialia 60 (2012) 139–148



Author's personal copy

precipitation in multiple directions, i.e. precipitating on the
different {11 1} planes. This was confirmed by our reaction
couple experiment in region [II] in Fig. 5a and b.

Case (ii) has all the secondary phases precipitated par-
allel to and along the major axis of the acicular grain, as
seen in 60Ta:40C, 64Ta:36C and region [IV] in the couple
in Figs. 4 and 5. First, consider the Ta-rich side of the
reaction diffusion couple and work towards the TaC
phase. As carbon depletes out of the TaC, it diffuses
towards the Ta metal powder. The phase diagram in
Fig. 1a reveals little or no carbon solubility in tantalum
at 1870 K. Consequently, the carbon and tantalum must
react and nucleate the first available phase, which is
Ta2C. This is confirmed by Fig. 6c and f, which showed
small, equiaxed Ta2C grains, e.g. initial nucleation sites,
on the grain boundaries of the larger Ta grains. Thus
the Ta grain boundaries act as fast-track diffusion path-
ways for carbon and heterogeneous nucleation sites for
Ta2C precipitation. As the Ta2C grains grow, they con-
sumed the Ta grains around them, resulting in a reduction
in the elemental Ta grain size (Fig. 6a). Rodriguez [23]
reported that the diffusion rate of carbon in tantalum
metal is three orders of magnitude higher than that in
TaC and Ta2C. This difference in diffusion rates allows
the carbon to quickly leach out of the TaC and react with
the constituent tantalum powder. The diffusion couple
effectively shows the process of transformation of Ta into
Ta2C because of the carbon gradient.

As the Ta2C grains continue to consume more carbon,
the precipitation of Ta4C3 will occur according to the phase
diagram in Fig. 1a. Unlike TaC’s fcc-like symmetry, which
has multiple close-packed {111} planes for precipitation of
Ta4C3 laths, the Ta2C phase has only one variant of close-
packed planes, the {000 1}, because of its hcp-like symme-
try. Thus, for these grains, the Ta4C3 only precipitates on
one set of planes per grain and the laths run parallel to each
other within the grain. The SAED pattern (Fig. 5f and g)
from region [IV] in the couple revealed the Ta2C and
Ta4C3 phases; both the microstructure and the phase con-
tent of region [IV] were similar to the 64Ta:36C specimen.
A clear chemical modulation between these phases of
region [IV] is seen in Fig. 5a and b by the variation in
bright and dark contrast from the HAADF-imaged micro-
graphs. Collectively, these specimens are in good agree-
ment with the phase equilibrium shown in the phase
diagram of Fig. 1a. The high aspect ratio of the acicular
grains suggests an orientation dependent or anisotropic
growth rate, with the fastest growth parallel to the close-
packed planes. This leads to a grain conversion into an
acicular microstructure, whose major axis is parallel to
the close-packed planes (region [IV] in Fig. 5a). These elon-
gated grains are clearly apparent at the interface where car-
bon content is the highest, and allow the conversion and
precipitation process to occur in the initially equiaxed
Ta2C grains. Specimens 60Ta:40C and 64Ta:36C exhibited
similar grain morphologies and contained the largest
volume fractions of Ta2C and Ta4C3. Further from this

reaction couple interface, the equiaxed single-phase Ta2C
grains are preserved. For the single-phase Ta2C
(68Ta:32C) specimen, the reaction of carbon from the ini-
tial TaC powders was complete because no elemental Ta
was observed in the XRD spectra of Fig. 3a. Additionally,
no secondary phases were precipitated in the 68Ta:32C
specimen that could alter the grain morphology, so it
remained equiaxed.

Lastly, at the interface of the reaction couple, a series of
very fine equiaxed grains, region [III] in Fig. 5a and b was
indexed as the Ta2C phase. This is surprising, considering
the phase diagram in Fig. 1a. Based on the reaction profile,
one would expect this region to be Ta4C3. Clearly, the dif-
ferent zone axis diffraction patterns (Fig. 5d and e) show
these grains to be Ta2C. Though carbon would be the fast-
est diffusing species in the system, and would explain the
precipitation and conversion of phases far from the reac-
tion interface, the initial tantalum metal at the interface
would also diffuse, though over a much shorter distance,
and react with TaC. These small Ta2C grains at the inter-
face are suspected to have formed as the tantalum reacted
with the carbon from the TaC powders to yield Ta2C. This
would be similar to the previous discussion of the initial
nucleation and grain formation observed with the smaller
Ta grains on the boundaries of the larger Ta2C grains or
smaller Ta2C grains at the boundaries of the larger Ta
grains (Fig. 6). Since the couple is not at thermodynamic
equilibrium, the Ta2C grains have remained.

5. Conclusions

A series of XTa:(1 � X)C specimens, where X = 51, 56,
58, 60, 64 and 68 at.%, were HIP processed from TaC
and Ta powder mixtures to span the range from TaC,
TaC + Ta4C3, Ta2C + Ta4C3 and Ta2C phase fields. For
the single-phase compositions, the microstructure was
equiaxed, with the TaC grains being smaller than Ta2C.
The grain size difference was influenced by the initial pow-
der sizes. For composition between �40 and �44 at.% C
(two-phase regions in Fig. 1a), the microstructure consisted
of equiaxed TaC grains encasing fine laths of Ta4C3. For
compositions between �34 and �40 at.% C, a two-phase
mixture existed, which contained acicular grains with par-
allel laths of Ta4C3 and Ta2C. The acicular grain’s major
axes were parallel to the close-packed planes.

Using a TaC/Ta powder reaction couple, it was
observed that carbon is depleted from the TaC phase and
precipitated Ta4C3 laths on the multiple variant, close-
packed {111} planes of TaC. This resulted in a crisscross
pattern morphology seen in region [II] of the couple and
in specimen 58Ta:42C. This is in contrast to the parallel
lath morphologies observed when Ta4C3 precipitates in
the hcp-like Ta2C matrix, where only one close-packed
plane {0001} is available. Here an acicular grain morphol-
ogy developed where the laths are parallel along the major
axis of the grain, as seen in region [IV] of the couple and in
the 60Ta:40C and 64Ta:36C specimens.
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Collectively, these results indicate that small variations
in carbon content can have a dramatic effect on microstruc-
ture morphology and phase content. The sequence of pre-
cipitation of the secondary phase from the initial matrix
phase, either TaC or Ta2C, controls the overall grain shape
because of the preferred orientation relationship that devel-
ops between Ta4C3 with either TaC or Ta2C.
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